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The cross section between a cc¯ pair and a nucleon is small and sensitive to the c-c¯ separation
if the pair is in a color-singlet state, but very large and insensitive to the separation if it is in a
color-octet state. We use this property in an absorption model involving both color components to
deduce the color structure of cc¯ pairs produced in p(B)A→ ψX reactions. Our analysis shows that
the NA3, NA38 and E772 data are not inconsistent with the theoretical picture that color-octet
and color-singlet precursors are produced in roughly equal proportions if the produced color-singlet
precursors are pointlike and transparent. However, if the color-singlet precursors are not transparent
but have a cross section of a few mb, these data do show a definite preference for a larger fraction
of color-singlet precursors. In either case, the color-octet fraction increases with x
F
, approaching
unity as x
F
becomes large.
PACS number(s): 13.85-t, 25.75.-q, 13.90.+i
I. INTRODUCTION
There has been much recent interest in the mechanisms
of heavy quarkonium production. Bodwin, Braaten,
and Lepage [1] have developed a factorization formal-
ism based on nonrelativistic quantum chromodynamics
(NRQCD) for very massive quarks, a formalism that al-
lows a systematic calculation of inclusive J/ψ produc-
tion cross sections. The formalism accounts for the pro-
duction of both color-singlet (C1) and color-octet (C8)
cc¯ precursor states that will evolve into C1 quarkonium
states. It has been used to study many heavy quarko-
nium production processes [2–13].
In NRQCD, production amplitudes are expanded in
powers of both the strong coupling constant αs and the
velocity v of the heavy quark. For hadroproduction
of quarkonia at fixed-target energies of several hundred
GeV, the lowest (called hereafter the “leading”) order
in J/ψ production turns out to be α3sv
3 for C1 precur-
sors, and α2sv
7 for C8 precursors. Theoretical analyses
have shown that in these leading orders, the total J/ψ
production comes from C8 and C1 precursor states in
roughly equal proportions [3–5,14].
However, for hadroproduction of J/ψ, ψ′ and χ with
low pt at fixed-target energies, the calculated lowest-
order results of this double expansion [3,4] seem to dis-
agree with the observed polarization and production
rates of J/ψ and χ1,2. Although one can adjust input
parameters to fit the observed production rates, the dis-
crepancy with the polarization data remains [5]. This
seems to indicate a need for higher-order quarkonium
production mechanisms at these energies [3–5].
One of the important parameters that characterize the
nature of these quarkonium production processes is the
color-octet fraction at production. We would like to
point out in this paper that this information can be
extracted from the observed nuclear suppression of pA
or BA → ψX cross sections. The possibility arises be-
cause the produced C8 precursors are expected to be ab-
sorbed much more strongly than C1 precursors [15–25].
This possibility is realized by generalizing the absorption
model [26–30], in Sec. II, to handle these two color com-
ponents. The color dependence of cc¯-N cross sections
are then reviewed in Sec. III to provide a theoretical
background against which the analysis of the available
experimental data for low pt J/ψ production at fixed-
target energies [31–33] will be made, in Sec. IV, using
our two-component absorption model.
Our analysis shows that the data are not inconsistent
with the theoretical picture that C8 and C1 precursors
are produced in roughly equal proportions if the C1 pre-
cursors are produced in pointlike transparent or noninter-
active states. However, when freed from these prevalent
theoretical prejudices, the available data do show a def-
inite preference for a larger fraction of C1 precursors if
they are produced, and are propagating, in states that
are significantly absorbed by the nuclear medium. In ei-
ther case, the C8 fraction increases with the Feynman
x
F
, approaching unity as x
F
becomes large.
Additional implications of our models are briefly dis-
cussed, and the need for more experimental absorption
data is noted, in the concluding Sec. V.
II. A GENERALIZED ABSORPTION MODEL
WITH TWO COLOR COMPONENTS
In NRQCD [1], dynamical processes in NRQCD are
controlled by various time scales: (1) the quark-antiquark
production time 1/M where M is the c quark mass, (2)
the time for orbital motion in quarkonium 1/Mv ≈ r ≈√
1/MΛQCD, where r are the characteristic spatial ex-
tension of the quarks in the cc¯ pair and ΛQCD is the QCD
confinement scale, and (3) 1/Mv2 = 1/ΛQCD [1] for ei-
1
ther the characteristic time for the cc¯ pair to be blown
up from a point to quarkonium size, or equivalently the
QCD confinement time. The C8 precursor will eventu-
ally hadronize into C1 J/ψ mesons by color neutraliza-
tion through the absorption or emission of soft gluons by
the end of the strong-interaction time.
The traditional understanding is that this color-
neutralization process takes place over a much longer
nonperturbative QCD time scale of about 1/ΛQCD ≈ 0.5
fm/c in the cc¯ rest frame. In this frame, the longitudi-
nal spacing between target nucleons in a pA reaction is
d/γ(x
F
), where d = 2 fm is the internucleon spacing in a
nucleus at rest and γ(x
F
) is the relativistic energy/mass
ratio of the moving target nucleons,
γ(xF ) =
√
sNN
{√
m2J/ψ + x
2
F sNN/4 + p
2
t,J/ψ
+xF
√
(sNN − 4m2N)/4
}
/(2mJ/ψmN ) , (1)
where pt,J/ψ is the transverse momentum of the produced
J/ψ, and < p2t,J/ψ >= 1.26 GeV
2 [34]. Thus, the dynam-
ics of J/ψ propagation after production in nuclei is fur-
ther controlled by the passage time d/γβ = d/(γ2−1)1/2
the next target nucleon takes to meet the produced cc¯
pair. Since the value of γ(x
F
) can be large in high-energy
pA collisions (about 15 at xF = 0 when the NN c.m. en-
ergy is
√
sNN = 30 GeV), one finds d/γ(xF )β(xF ) <<
0.5 fm/c for x
F
> 0 at fixed-target energies of several
hundred GeV. Therefore, for pA collisions in fixed-target
experiments, many of the collisions between target nu-
cleons and the produced (cc¯)8 pair with xF > 0 are ex-
pected to take place before its color is neutralized. This
is particularly true at higher energies where the Lorentz
contraction is stronger.
The collisions of this C8 cc¯ pair with target nucleons
at high energies have been studied earlier by Kharzeev
and Satz [35]. They have argued that these collisions
do not lead to absorption (the eventual breakup of the
cc¯ system). They assume instead that the pair will
stay together as it traverses the medium, suffering only
quasi-elastic scatterings caused by stretchings of the (cc¯)8
string that shift the same integrated production cross sec-
tion to lower x
F
. To account for the nuclear suppression
shown in the data, they appeal to the idea of gluon shad-
owing, i.e. the assumption of a nuclear modification of
the gluon density of target nucleons that depends only on
the fractional momentum x2 carried by the target par-
tons [35,36].
We would like to describe here a very different picture
of J/ψ suppression in nuclei based on a generalization
of the standard absorption picture of [26–30]. A precur-
sor can remain in the same precursor state after colliding
with a target nucleon, but its transformation into other
precursors through the exchange of a Pomeron or a hard
gluon cannot in general be avoided. The only exception is
for C1 precursors in the pointlike, or color transparency,
limit, a situation we shall discuss further below. The cc¯
precursor could still stay close together, but its future
fate in the absence of further collisions is already deter-
mined in this precursor representation of states. When
the precursor remains in its original precursor state after
scattering, we have elastic scattering. All other scatter-
ing processes contribute to the reaction cross section σr.
We begin by considering the hard scattering between a
parton of the projectile nucleon and a parton of a target
nucleon inside a nucleus with A nucleons, a hard scatter-
ing that produces both C1 and C8 precursor (cc¯) pairs
which will evolve into various quarkonium and open-
charm meson states. The probability element for pre-
cursor production by the collision at a target nucleon at
r
A
= (b
A
, z
A
) is
ρ(b
A
, z
A
)db
A
dz
A
,
where the density distribution is normalized by
∫
ρ(r
A
)dr
A
= 1.
A produced precursor will collide with target nucleons
along its path with a (cc¯)-N reaction cross section of σr.
The probability of the precursor colliding with a target
nucleon is therefore
TA>(bA , zA)σr ,
where
TA>(bA , zA) =
∫ ∞
z
A
ρ(b
A
, z′
A
)dz′
A
, (2)
and TA>(bA ,−∞) = TA(bA), the usual thickness func-
tion. Thus, the probability for the precursor to collide
with n target nucleons and miss the other (A − 1) − n
target nucleon is
(
A− 1
n
)
[TA>(bA , zA)σr ]
n[1− TA>(bA , zA)σr](A−1)−n . (3)
After the precursor has collided with the target nucle-
ons, the precursor will be in different degrees of wounded-
ness. We denote by Sn the probability of finding the J/ψ
precursor (which will eventually evolve into a J/ψ at the
end of the strong-interaction time) after colliding with
n target nucleons. The meson production cross section
in a pA collision with a nuclear target of mass number
A can then be related to the production cross section in
nucleon-nucleon collision by
dσpAJ/ψ/dxF
AdσNNJ/ψ/dxF
=
∫
ρ(b
A
, z
A
)db
A
dz
A
A−1∑
n=0
Sn
(
A− 1
n
)
×[TA>(bA , zA)σr]n[1− TA>(bA , zA)σr ](A−1)−n . (4)
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By integrating over z
A
and extending the above consid-
erations to include both C1 (i = 1) and C8 (i = 8) com-
ponents, we obtain the x
F
-dependent nucleus to nucleon
yield ratio per nucleon for the quarkonium under consid-
eration:
R(pA/NN, x
F
)≡
dσpAJ/ψ/dxF
AdσNNJ/ψ/dxF
=
∑
i=1,8
fi(xF )
A−1∑
n=0
Si nRi n(A) , (5)
where fi(xF ) is the (cc¯)i fraction normalized to f1+f8 =
1, and
Ri n(pA) =
∫
db
A
σi r
n∑
m=0
(
A− 1
n
)
×
(
n
m
)
(−1)m
A− n+m
[
1−
(
1− T
A
(b
A
)σi r
)A−n+m]
. (6)
This is our generalized absorption model.
It is clear that when a J/ψ precursor produced at a
nucleon site passes through the rest of the target nucleus
without further collision, it will evolve into a final-state
J/ψ as if it had been produced in a pN collision in free
space: a C1 precursor will evolve into a J/ψ, while a
C8 precursor (cc¯)8 will evolve into a J/ψ with the ad-
ditional absorption or emission of a soft gluon after a
relatively long QCD color neutralization time that is still
short compared to electromagnetic interaction times. Be-
cause of this, Si 0 is unity by definition. Furthermore, fi
are the actual color fractions right after production at
the production site of a target nucleon.
A minor complication should now be mentioned. In ad-
dition to the direct production considered so far, the ex-
perimental detector also counts J/ψ particles that come
indirectly from radiative decays of excited quarkonium
states, particularly the χ1,2 mesons. These indirect con-
tributions can simply be added to the direct contribution
in both the numerator and the denominator differential
cross sections that make up the yield ratio R in Eq. (5).
Equivalently, as we choose to do from now on, we can
re-define our precursor states so that they include both
direct and indirect J/ψ mesons that will enter the exper-
imental detector.
The original collision at a production site produces pre-
cursors not only for the final J/ψ, but also for all other
permissible hadronic final states not included in the ex-
perimental yield for J/ψ production. Hence these other
precursors do not contribute to our model formula when
there is no further collision at the target nucleus.
Let us consider next a precursor that suffers one or
more collisions in the target nucleus after production. At
the end of all these collisions, the original J/ψ precursor
will be transformed into precursors for all possible final
hadronic states including J/ψ, with a total probability of
1. At the same time, other precursors different from the
J/ψ precursor, all produced at the original target nucleon
site, will be changed into J/ψ precursors with some finite
probabilities. The normalized probability Si n for n ≥ 1 is
just the population of J/ψ precursors present after n col-
lisions with target nucleons, normalized to a J/ψ precur-
sor population of Si 0 = 1 for precursors that escape any
hit. Containing contributions from all precursors pro-
duced at the production site, it describes the probability
of recovering a J/ψ precursor after n precursor-nucleon
collisions.
These recovery probabilities are relatively complicated
quantities that contain the effects of available phase space
and of coherent coupled-channel dynamics [24]. A sim-
ple assumption one can make is that on the average a
certain fraction of σi r is recoverable, while the remain-
der, denoted the effective absorption cross section σi abs
in nuclei, is irretrievably lost. Using this fractional σi abs
in our formulas, we should now set all recovery probabili-
ties Si n for n ≥ 1 to zero, because precursors are now, by
definition, irretrievably lost after each hit by the effective
σi abs. Generalizing to nucleus-nucleus (BA) collisions,
we obtain the following equation for the x
F
-dependent
nucleus-nucleus to nucleon-nucleon yield ratio per target
nucleon per projectile nucleon for J/ψ production:
R(BA/NN, x
F
) =
∑
i=1,8
fi(xF )Ri(BA) , (7)
where fi(xF ) is the (cc¯)i fraction normalized to f1+f8 =
1, and
Ri(BA) =
∫
dbA
Aσi abs
dbB
Bσi abs
×
{
1−
(
1− TB(bB)σi abs
)B}
×
{
1−
(
1− TA(bA)σi abs
)A}
. (8)
This is just the familiar “simple” absorption model, now
generalized to handle two color components. The absorp-
tion cross sections that appear are effective values in the
nuclear medium involving precursors not at the moment
of their production, but when they hit the next nucleon
in the colliding nuclei.
In generalizing the pA result of Eq. (5) to Eq. (8) for
BA collisions, we have made the implicit assumption that
the absorption of the precursor of J/ψ due to its colli-
sion with produced soft particles is not important in BA
collisions. This is because the average relative kinetic en-
ergy between the produced particles and the precursors
of J/ψ is smaller than the threshold energy (about 640
MeV) for the precursor to breakup. It is further sup-
ported by comparing experimental pA and AB data [30].
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From the perspective of our generalized absorption pic-
ture, the model of Ref. [35] contains only elastic scat-
tering of precursors and no absorption at all. With no
absorption present, the authors are forced to introduce
another source of absorption based on gluon shadowing.
Gluon shadowing describes a change in the momen-
tum distribution of a parton in a nucleon in the target as
compared to that in free space. The momentum distri-
bution of a projectile parton is also changed because of
the loss of initial energy due to collisions before the hard
scattering at the production site. These shadowing ef-
fects are real, and they should be included in a complete
theory. However, they appear to be small, as evidenced
by the weak dependence of the charm yield per nucleon
on the target mass number A in pA collisions given by
A1.00±0.05±0.02/A for x
F
from 0.05 to 0.4 [37]. Therefore,
we shall not include them in our analysis.
III. COLOR-DEPENDENCE OF (cc¯)-N CROSS
SECTIONS
For the absorption cross sections needed in Eq. (7), we
rely conceptually on the fact that high-energy hadron-
hadron cross sections are dominated by Pomeron ex-
change [15,16]. In the Two-Gluon Model of the Pomeron
(TGMP) studied by Low, Nussinov and others [17–24],
the flavor dependence of the total cross sections is a size-
dependent effect arising from the color separation in col-
orless hadrons. The total hadron-nucleon cross section
can be expressed as T1 − T2, where Tn is the contribu-
tion in which the two exchanged gluons interact with n
particles (here quarks) in the projectile. The cross sec-
tion vanishes if one of the colliding hadrons shrinks to
a point, because in this limit T2 = T1. In this point
limit, the hadron cannot even scatter into intermediate
C8 states by single gluon exchange because it is color
neutral. Thus pointlike C1 precursors are transparent in
the nuclear medium, with zero total cross section when
the colliding energies are sufficiently high so that meson-
exchange contributions become unimportant. This phe-
nomenon of “color” transparency is the transparency of
pointlike colorless hadrons in a nuclear medium of large
colorless nucleons. (For a recent review of color trans-
parency, see [25].)
If the C1 precursors are produced in pointlike states,
and if the collision energies are so high that the pas-
sage time to the next target nucleon is too short for such
pointlike precursors to grow much in size, these C1 pre-
cursors will be quite transparent as they propagate in
the nuclear medium. Under the circumstances, nuclear
absorption in J/ψ production can only come from the
absorptive C8 precursors. This gives us a window for
watching C8 precursors in J/ψ production. It will be in-
teresting to find out the extent to which this theoretical
picture is actually supported by the experimental data
on nuclear suppression.
The cross section is very different for (qq¯)8-N scatter-
ing, however, as pointed out by Dolejˇs´i and Hu¨fner [22].
This is because the one- and two-quark contributions now
add together in the form of T1 + T2/8. The result is
then insensitive to the q-q¯ separation in C8 precursors.
It is also very large, typically of the order of 30-60 mb
when a perturbative propagator is used for gluons with
a nonzero effective mass. The situation is reminiscent of
that in electrodynamics where the cross section for two
equal charges of the same sign is much larger than the
cross section for a dipole made up of two equal but op-
posite charges [22].
Recently, this TGMP for both singlet and octet (qq¯)-
N scattering has been studied in detail by one of us [24].
The main motivation is to understand why the experi-
mental cross sections for radially excited mesons of much
larger sizes are actually close to one another in value.
This unexpected feature can be understood in the TGMP
if the mesons are propagating in an eigenmode with a
common eigen cross section because of strong coupling
between them. In addition, a detailed model has been
fitted in [24] that contains a number of important re-
finements: (1) A nonperturbative gluon propagator (the
Cornwall propagator) is used [38,39] with the gluon mass
obtained by fitting the piN and KN total cross sections.
(2) Complete meson form factors are used without mak-
ing the small meson approximation. (3) For (singlet
meson)-N scattering, a coupled-channel problem [40] is
solved using many scattering channels containing radi-
ally excited mesons. By fitting NN cross sections and
the ratios of (meson-N)/NN cross sections, the extrap-
olated octet (cc¯)8 −N total cross section, to be denoted
σ8 below, turns out to be 48 mb, in agreement with the
range of 30 − 60 mb found by Dolejˇs´i and Hu¨fner [22].
These color-octet cross sections are quite insensitive to
meson size and flavor contents.
We shall need in our analysis that part of the reaction
cross section denoted in this paper as the effective σ8abs in
nuclei. A cc¯-N collision at high energies can be expected
to cause the cc¯ pair to be broken up, i.e. removed from
the J/ψ channels, with relatively little elastic or quasi-
elastic scatterings. In the nuclear medium, however, this
reaction cross section must be reduced by its fractional
recovery in subsequent collisions. Hence we shall use the
estimated theoretical value only for conceptual guidance,
and shall try to find out what the data might tell us
about this cross section.
To complete our review of Pomeron exchange cross sec-
tions, we should point out that the color-singlet (cc¯)1-N
total cross section in free space, to be denoted σ1, can
be estimated in a number of ways. The model fitted in
[24] gives a result of 5-6 mb at
√
s = 20 GeV, but re-
quires an input of the J/ψ meson rms radius, for which
we have only theoretical estimates. A result of at least
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2.5 mb at this energy has been calculated by Kharzeev
and Satz [41] from hadron gluon structure functions in
short-distance QCD. A third estimate can be made by
converting the experimental forward J/ψ photoproduc-
tion cross section [42] to a total ψ−N cross section with
the help of vector-meson dominance (VMD), i.e. the idea
that the photon actually contains a small admixture of
vector mesons. This gives σ1 ≈ 1.8 mb at
√
s = 20 GeV.
However, the VMD model is known to underestimate the
ρ − N cross section by about 15% and the φ − N cross
section by about 50% [43]. This could mean that σ1
should be larger, perhaps around 2 to 3.5 mb. Although
these three estimates are only in rough agreement with
one another, they are all an order of magnitude smaller
than σ8.
All these estimates are for the “asymptotic” total cross
section in one cc¯-nucleon scattering, and without the ad-
ditional s dependence appropriate to the Pomeron dom-
inance of the cross sections at high energies [16]. We are
interested only in its absorptive part in nuclei, after the
recovery corrections mentioned previously. There is, in
addition, a threshold effect which reduces the cross sec-
tion more and more below its asymptotic value the lower
the collision energy [41]. Hence we shall adopt a more op-
portunistic phenomenological approach in choosing σi abs
in our model analyses.
IV. THE COLOR-OCTET FRACTION
We are now in a position to extract the C8 fraction
f8 from the experimental cross section or yield for J/ψ
production in nuclei by using Eq. (7). We first analyze
the experimental x
F
integrated yields as functions of the
target mass number A at fixed-target energy of 800 GeV
of the pA data (E772 Collaboration) [32] and at 200 GeV
of the combined pA data (NA3 Collaboration) [31] and
BA (nucleus-nucleus) data (NA38 Collaboration) [33].
(The average values of the kinematical variables in the
experimental data at 800 GeV are < x
F
>≈ 0.27 and
< pt >≈ 0.7 GeV [32].)
The results for the C8 fraction f8 obtained in our model
analysis are shown in Fig. 1a as functions of σ8 abs for the
color-transparency choice of σ1 abs = 0. The associated
χ2 per degree of freedom of the model fit to data are given
in Fig. 1b. We see that the best fit to the E772 data
appears at σ8 abs = 15 mb, a value that is considerably
smaller than the best theoretical asymptotic value of 48
mb. However, the data are consistent with a rather wide
range of range σ8 abs. The fit is noticeably poorer for the
200 GeV data, which show a preference for much smaller
values of σ8 abs. This is probably only partially due to
the threshold effect mentioned previously.
At 800 GeV, the extracted C8 fraction f8 at best fit
is about 0.8, but the fraction decreases with increasing
σ8 abs, being about 0.55 at σ8 abs = 30 mb. The results
at 200 GeV are noticeably smaller, being usually below
0.5.
It is interesting to compare our results with the in-
formation on the C8 fraction at production deduced
from analysis of production data on nucleon targets.
A theoretical analysis of the 300 GeV CDF data on
the piN → (J/ψ)X by Tang and Va¨nttinen [4] has
yielded a theoretical C8 fraction from both direct pro-
duction and indirect production (from their Table 1) of
0.20/(0.20+ 0.14) ≈ 0.59. However, the total theoretical
J/ψ production cross section is only 0.38 of the observed
value. (Indirect production comes from the radiative de-
cays of excited quarkonium states, primarily χ1,2.)
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Fig. 1. (a) The color-octet fraction f8 fitting
the experimental x
F
-integrated yields as a function
of the effective color-octet absorption cross section
σ8 abs when σ1 abs is fixed at zero (color-transparancy
limit), and (b) the corresponding χ2 per degree of
freedom.
Similar fractions have been obtained by Beneke and
Rothstein [5] for pN production at 300 GeV. They give
a direct C8 (direct C1) contribution of about 40 (20) %
of the total. This is in rough agreement with the direct
C8 (direct C1) percentage of 56 (21) % found in [4].
Previous analyses of the nuclear suppression data us-
ing absorption models have been based on C1 precur-
sors only, since these analyses were first performed at
a time when production was supposed to be predomi-
nantly C1. With our two-component absorption model, a
much wider range of physical assumptions can be checked
against the experimental data. In particular, we have
shown in Fig. 1 that an absorption model can be con-
structed that respects the popular theoretical prejudices
that C1 precursors are produced in pointlike states and
tend to be transparent in the colliding nuclear complex,
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where C8 precursors are strongly absorbed. The C8 frac-
tions that come out of this model are quite substantial,
in agreement with independent analyses of hadron pro-
duction rates in free space.
It is now worth asking if the available nuclear suppres-
sion data require color transparency. To answer this ques-
tion, we look for models with nonzero σ1 abs. Nonzero ab-
sorption for C1 precursors means that they have a sub-
stantial size when they hit a nucleon after production.
At fixed target energies, these C1 precursors usually do
not have enough time to grow enough in size if they had
been produced pointlike. Thus significant C1 absorption
usually means that these precursors are produced with
finite sizes.
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Fig.2. Same as Fig. 1 but for σ1 abs = 3.5 mb.
Fig. 2 gives the results for model fitting using σ1 abs =
3.5 mb, close to many of the values estimated for the J/ψ-
N cross section in free space, as reviewed in Sec. III. We
see that the fits are comparable to those shown in Fig. 1
for the E772 data, and they are better for the 200 GeV
data. Similar fits can be obtained for the E772 data at
σ1 abs = 6.7 mb, the best-fit value if σ8 abs is fixed at the
theoretical value of 48 mb. However, the 200 GeV data
cannot be fitted well with this large value of σ1 abs. One
common features of these models with fairly large σ1 abs
is that the C1 precursors are now providing a substantial
part of the experimental nuclear suppression. Hence the
octet fraction f8 needed is reduced. Fig. 2 shows that for
the 200 GeV data, the extracted f8 is usually less than
0.2. This is much smaller than the octet fraction found
in the theoretical picture of hadronproduction given in
leading-order NRQCD [3–5].
Our phenomenological analyses seem to show that the
available data alone are not sufficiently discriminating
to tell us if the C1 precursors are transparent because
they are produced pointlike, or if they are easily absorbed
because they are produced at almost full size.
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Fig.3. The color-octet fraction f8 as a function of
x
F
. (a) is for σ1 abs = 0 mb , and (b) is for σ1 abs =
3.5 mb.
We next analyze the x
F
-dependent experimental yields
for the pA data using σ8 abs = 20 mb and σ1 abs = 0 (3.5)
mb. The results for the C8 fraction f8 are given in Fig.
3a (3b). The error bars shown describe only the uncer-
tainties from data fitting for the chosen values of σ8 abs.
The effects coming from the uncertainties of the chosen
absorption cross sections themselves can be seen by com-
paring the results of Figs. 3a and 3b, but we should
also remember that these figures describe rather differ-
ent physical models, one with color transparency and one
with significant C1 absorption. These figures seem to
show that for x
F
> 0.5, the C8 fraction f8 is rather close
to 1, and seems to scale in x
F
.
To account for the abnormally small yields at large x
F
,
Badier et al. [31] have to postulate the existence of a new
mechanism of J/ψ production. We have attributed this
phenomenon instead to the presence of a greater fraction
of C8 precursors and to their strong absorption as they
propagate in nuclear matter. Fig. 3 also shows that be-
low x
F
= 0.5, the extracted f8 fraction seems to decrease
with decreasing collision energy. The decrease is very
dramatic when σ1 abs is large.
A tantalizing possibility is that it is not so much the
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production mechanisms themselves that are strongly en-
ergy dependent, but rather that the produced precursors
at different energies have different times to evolve before
hitting the next nucleon. For example, the precursors
might have been produced predominantly in C8 states,
as suggested by the leading-order NRQCD calculations,
but their colors might have been neutralized in a time-
dependent way after production. It is therefore interest-
ing to plot the deduced C8 fraction against the passage
time tp = d/γβ for the two models shown in Fig. 3.
The results, given in Fig. 4, show that the low-x
F
points
might indeed depend smoothly on d, but unfortunately
the points from the two data sets do not overlap so that
we cannot establish a case for this dependence at low-x
F
.
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Fig.4. The color-octet fraction f8 as a function
of the passage time tp = d/γ(xF )β(xF ). (a) is for
σ1 abs = 0 mb , and (b) is for σ1 abs = 3.5 mb.
The time scale involved in Fig. 4 is only a small frac-
tion of the time 1/ΛQCD ≈ 0.5 fm/c for nonperturbative
color neutralization by soft-gluon emission or absorption.
The decrease of C8 fraction with increasing passage time
tp is particularly noticeable in the model of Fig. 4b. It
could be the consequence of a relatively fast, or “pre-
mature”, color neutralization mechanism involving hard
gluons.
V. DISCUSSION AND CONCLUDING
REMARKS
A scenario rather close to premature color neutraliza-
tion has been proposed by Kharzeev and Satz [44]. They
have suggested that by the time the (cc¯)8 pair leaves
the nucleon where it was produced, its color has al-
ready been neutralized by the pickup of an additional
gluon to form a J/ψ precursor that is a (cc¯)8 − g hybrid
[44]. Nuclear suppression comes from hybrid absorption
in hybrid-nucleon collisions. They estimate that the re-
quired effective absorption cross section of about 6 mb
for the integrated yield is consistent with a hybrid size
of size r8 ≈ 1/
√
2MΛQCD ≈ 0.2 − 0.25 fm. It is not
immediately clear that this estimate of r8 is theoretically
reliable since it is also an estimate for the size of the quark
wave function in the quarkonium. One would naively ex-
pect that with increasing quark mass M , the hybrid size
would decrease more slowly than the quarkonium size,
and perhaps not at all, if the effective gluon mass does
not change much with the quark mass M .
This hybrid picture has been used in [24] to interpret
the effective absorption cross section as a function of x
F
obtained by us in a preliminary version of our analy-
sis based on the standard one-component analog of Eq.
(7). In the TGMP of hybrid-nucleon scattering, the to-
tal cross section is approximately (9/4)σ1 abs if the (cc¯)8
constituent is treated as a point particle, and if the av-
erage (cc¯)8-g separation is the same as that between the
quark and the antiquark in the (cc¯)1 quarkonium. How-
ever, the hybrid-nucleon cross section can be made to
vary by changing the hybrid size. The x
F
dependence of
the deduced effective absorption cross sections can then
be translated into an x
F
dependence of the hybrid size,
with the rms separation between the (cc¯)8 and g ranging
from about 0.14±0.02 fm for x
F
= 0.07 to 0.5±0.15 fm
at x
F
= 0.6 [24]. The picture seems to be that the gluon
separation from the cc¯ pair in the hybrid is larger the
higher the precursor energy.
The description given in Fig. 3 of the x
F
dependence
of J/ψ absorption in terms of a change in the C8 frac-
tion also differs from the explanation given by [45] based
on the energy loss of initial-state partons, the modifica-
tion of initial target parton momentum in nuclei, and the
energy loss of final-state cc¯ systems. The experimental
open-charm production cross section in pA collisions has
been found to behave as A1.00±0.05±0.02 [37] for x
F
from
0.05 to 0.4. Such a behavior implies that the initial-state
effects of energy loss and the modification of initial tar-
get parton momentum distribution in nuclei are small.
Thus, the initial-state effects on J/ψ production should
also be small. Furthermore, the final-state precursor-
N collisions involved are high-energy processes that are
more likely to lead to eventual breakup than to energy
loss by quasi-elastic scattering.
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Our absorption models have interesting implications in
another aspect of the nuclear absorption problem. The
experimental nuclear suppression of produced ψ’ mesons
appears to be quite similar to that for J/ψ mesons [33,24].
For C1-dominated absorption models, this could be un-
derstood only as a coupled-channel effect, with different
mesons propagating in nuclei in the same coherent eigen-
mode and therefore the same “eigen” cross section [24].
The need for coherent propagation is greatly reduced in
C8-dominated models, since the cross sections between
C8 precursors and nucleons are now size-insensitive, and
about the same for C8 precursors of different c-c¯ sep-
arations. Also cross-channel matrix elements are likely
to be quite small for Pomeron exchange [24]. However,
these C8 precursor channels could still be coupled to-
gether via the exchanges of single hard gluons. Hence
the C8 precursors for different quarkonium states might
still propagate together coherently.
In conclusion, we find that our absorption model with
two color components seems to be a useful tool for ex-
tracting the color-octet fraction in quarkonium produc-
tion under a variety of physically interesting circum-
stances. The available experimental data on J/ψ absorp-
tion in nuclei are not inconsistent with the theoretical pic-
ture that color-octet precursors are abundantly produced
and strongly absorbed in nuclear collisions at fixed target
energies, while color-singlet precursors that are also pro-
duced might be transparent because they are produced
in pointlike states. However, better fits to these data are
obtained by using an older picture that color-singlet pre-
cursors are significantly absorbed by nuclei and might be
responsible for most of the observed nuclear absorption
by being dominant in the absorption step of the reaction
at least in certain energy and kinematical regions.
Much more effort will be needed to clarify the situa-
tion. It might be necessary to have a better understand-
ing and treatment also of neglected effects in quarko-
nium production [3,5]. These effects include higher-twist
mechanisms of production [3], higher Fock-space com-
ponents in projectile or target [6,44], and nonperturba-
tive final-state interactions in the production processes
(the K-factor) [46–48,13], such as that between c and c¯
in color-octet production and between the cc¯ pair and
the accompanying gluon in color-singlet production near
threshold. In any model, one needs to understand the
nature and physical origin of the x
F
dependence of the
extracted color-octet fraction. The effect of the coherent
mixing of precursor states at subsequent collisions with
nucleons should also be studied.
Above all, new experimental J/ψ production data for
different colliding nuclei at different energies will be very
helpful in discriminating between different physical mod-
els, especially when extended to negative values of x
F
.
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